The ability to maintain optimal intracellular pH (pH i )
ϩ -H ϩ exchanger (NHE) and the Na ϩ -HCO 3 Ϫ symporter (NHS) have been confirmed as major transporters for the active acid extrusion mechanism in animal cardiomyocytes. However, whether the NHE and NHS functionally coexist in human ventricular cardiomyocytes remains unclear. We therefore examined the mechanism of pH i recovery following an NH 4 Cl-induced intracellular acidosis in the human ventricular myocardium. The element of a multicarrier acid-equivalent transport system in the sarcolemma of the guinea pig cardiac cell [12] . NHE, a ubiquitously expressed transmembrane protein among vertebrate cells, mediates an electroneutral exchange of extracellular Na ϩ for intracellular H ϩ [13] . It serves a variety of physiological functions, primarily pH i recovery from acidosis and cell volume control [2, 3] . NHE proteins comprise a family of at least five NHE isoforms (NHE 1-5), each one expressed by a separate gene [14] . The mRNA for NHE 1 has been identified in the cardiac cell [15, 16] by molecular biology methods. Also, the pharmacological evidence for "functional" expression of native NHE 1 in guinea pig cardiomyocytes has been proved recently [11] . This finding is partially due to the development of highly selective inhibitors of the NHE 1 isoform, HOE 694 (3-methylsulfonyl-4-piperidinobenzoyl guanidine hydrochloride) [17] . In the present study, we have therefore applied specific NHE 1 inhibitor, HOE 694, to produce pharmacological evidence as to whether the functional expression of native NHE 1 exists in human ventricular cardiomyocytes.
For many years, cardiac HCO 3 [20, 21] . By using intracellular fluoroprobe BCECF in the present study, we provided for the first time pharmacological evidence for the functional coexistence of NHE 1 and NHS during pH i -recovery from intracellular acidosis in human ventricular cardiomyocytes.
MATERIALS AND METHODS
Human heart tissue. With the approval of the institutional review committee and with prior informed consent, we obtained right human ventricular myocardial tissue from 10 dilated cardiomyopathy patients (age 56.4Ϯ3.2 years; 6 males and 4 females) undergoing heart transplantation. Right ventricular trabecular tissue, 1 mm in diameter and 3-6 mm long, was removed, as described previously [22] , and immediately immersed in cold bicarbonate-containing Tyrode solution. The preparations were then perfused at 37°C with oxygenated bicarbonate-free or bicarbonate-containing Tyrode solution (saturated with 100% O 2 or 95% O 2 /5% CO 2 , respectively), pH 7.40Ϯ0.02, for experiments.
Measurement of the intracellular pH. A measurement of the pH i has been described in detail elsewhere [23] . In brief, the pH i in the right human ventricular trabecular tissue was measured by the use of the pH-sensitive, dual excitation, dual-emission fluorescent dye, BCECF-AM (Molecular Probes). The preparations were loaded with BCECF-AM (5 M) by incubating them for 30 min at room temperature, and they were excited alternately with 490 and 440 nm wavelength light. The ratio of the 510 nm emission at 490 nm and 440 nm excitation (490/440) was calculated and converted to a linear pH using the following equation:
where R is the 510 nm emission at 490 nm excitation/510 emission at 440 nm excitation ratio. R max and R min are, respectively, the maximum and minimum ratio values from the calibration curve (data not shown), and pK is the dissociation constant for the dye, taken as 7.05. F 440 min /F 440 max is the ratio of the fluorescence measured at 440 nm of R min and R max . The overall sampling rate for the recorded fluorescent ratio (440 nm/490 nm) was 0.5 Hz in the experiment. Throughout the whole experiment, the change in pH i induced by the tested drug was compared at the 10th min after treatment with the drug, unless otherwise stated. To make sure the preparations were in good condition, an intracellular acidosis was induced by an NH 4 Cl prepulse to test the acid-extruding activity of the cell. Only those samples with a good response went through the designed protocols. In the present work, the effects of drugs/conditions on the acid-recovery mechanism were estimated simply by compar-ing, in the same experiment, the rate of pH i -recovery from an intracellular acid in the presence and absence of the drug. Comparisons were always made at a common pH i to eliminate a possible variation in recovery rate because of pH i -dependent changes in intracellular H ϩ -buffering or acid-transport activation. Moreover, to prevent a possible influence of fluorescent dye leakage in the pH i recording, the strength of both wavelengths of 510 nm emissions at 440 and 490 nm excitation was continuously monitored in the oscilloscope and the computer. The background fluorescence and autofluorescence were reasonably tolerable and have been ignored.
Experimental alteration of intracellular pH-NH 4 Cl prepulse technique. NH 4 Cl prepulse techniques were used in the present work to induce intracellular acidosis [24] . NH 4 Cl prepulses were achieved with (~10 min) extracellular exposures to 20 mM NH 4 Cl. Briefly, the mechanism of the NH 4 Cl prepulse technique relies on the characteristic of incomplete dissociation, as shown in the drawing of the left part of Fig. 1a . Although both the charged and uncharged species of a weak base exist at the same time in the solution, the uncharged species is lipid-soluble and therefore able to permeate the lipid bilayer of the cell membrane. In contrast, the charged species permeates relatively slowly through various membrane protein routes. For example purposes, the details of NH 4 Cl prepulsing procedures used in the present study are given below. It can be explained in terms of four phases, as shown in the right part of . Thus excess NH 3 diffuses from the cell, allowing for more H ϩ to be formed inside the cell from the dissociation of NH 4 ϩ ions. This is the main reason for the slow pH i -recovery from initial alkalosis.
Phase 3: Rapid exit (see phase 3 in the right part of Fig. 1a ). Once the external NH 4 Cl is removed, the permeant intracellular NH 3 passively diffuses from the cell. This further induces a rapid dissociation of intracellular NH 4 ϩ into NH 3 and H ϩ . The NH 3 again diffuses out, leaving behind H ϩ , therefore causing a rapid and large intracellular acidosis. The magnitude of the induced acid load is dependent on pH i at the time of NH 4 Cl-removal. The lower the pH i , the larger the subsequent acid load.
Phase 4: pH i regulation (see phase 4 in the right part of Fig. 1a) . The sudden acidosis activates pH i regulatory proteins in the sarcolemma.
Chemicals and solutions. Standard HEPESbuffered Tyrode solution (air equilibrated) contained (mM): NaCl, 140; KCl, 4.5; MgCl 2 , 1; CaCl 2 2.5; glucose, 11; HEPES, 20; pH adjusted to 7.4 with 4 M NaOH. Unless otherwise stated, the pH adjustments of Acid Extruders in Human Myocardium all HEPES-buffered solutions (including those where ionic-substitutions were made, see below) were performed at 37°C. Standard bicarbonate-buffered Tyrode solution (equilibrated with 5% CO 2 /23 mM HCO 3 Ϫ ) was the same as above, except that the sodium chloride concentration was reduced to 117 mM, and 23 mM of NaHCO 3 was added instead of the HEPES (pH 7.40 at 37°C).
Ion-substituted solutions. In Na ϩ -free HEPESbuffered Tyrode solution, NaCl was replaced with 140 mM N-methyl-D-glucamine (NMDG), and the pH was adjusted to 7.4 with HCl. The Na ϩ -free CO 2 / HCO 3 Ϫ -buffered Tyrode solution was the same as the CO 2 /HCO 3 Ϫ -buffered Tyrode solution above, except that the 117 mM of NaCl and the 23 mM of NaHCO 3 were replaced by 117 mM NMDG and 23 mM NMDG, respectively. Also, the pH was adjusted to 7.4 at 37°C with HCl under the condition of saturation with 5% CO 2 /97% O 2 . When 20 mM of ammonium chloride was used, it was added directly as a solid to the solution without osmotic compensation. DIDS and HOE 694 were added as solids to solutions shortly before use.
Nigericin calibration solutions contained (mM): KCl, 140; MgCl 2 , 1; 10 M nigericin. These solutions were buffered with one of the following organic buffers: 20 mM 2-(N-morpholino)ethanesulfonic acid (MES, pH 5.5), 20 mM HEPES (pH 7.5), or 20 mM 3-(cyclohexylamino)-2-hydroxy-1-propane-sulfonic acid (CAPSO, pH 9.5). These were adjusted (37°C) to the correct pH with 4 M NaOH.
HOE 694 was kindly provided by Hoechst Akitengesellshaft (Germany). All other chemicals were from Sigma (UK) and Merck (UK).
Statistics. All data are expressed as the meanϮthe standard error of the mean (SEM) for n preparations. A statistical analysis was performed by the use of a one-way analysis of variance (one-way ANOVA). A Wilcoxon's signed rank test was used to test significance. A p value of smaller than 0.05 was considened significant.
RESULTS
The pharmacological evidence for the functional existence of NHE The steady-state pH i value for the human ventricular myocardium was found to be 7.21Ϯ0.02 (nϭ36) under conditions of the HEPES-buffered solution. At the beginning of all pH i measurement experiments, unless otherwise stated, a 20 mM NH 4 Cl prepulse was applied for about 10 min to induce an intracellular acidosis [24] , and only those tissues showing a rapid pH i recovery immediately after the induced intracellular acidosis were used in experiments, thus guaranteeing that acid recovery mechanisms are working in the tissue. The left part of Fig. 1b shows a typical NH 4 Cl prepulse control in which the induced acute intracellular acid load is followed by rapid recovery.
To determine whether the acid-extrusion mechanism exists in the human ventricular myocardium, we first performed the experiments in Tyrode solution (HEPES-buffered) nominally free of CO 2 /HCO 3 Ϫ . The pH i recovery from intracellular acidosis following NH 4 Cl prepulse could be blocked completely by the removal of extracellular Na ϩ , as shown in the righthand part of Fig. 1b . The histogram in Fig. 1c showed the averaged pH i recovery rate (measured at pH i ϭ 6.81Ϯ0.05) before and after Na ϩ removal for 4 experiments, similar to that shown in Fig. 1b . The result clearly established that an Na ϩ -dependent acid-extrusion mechanism was involved in the pH i recovery in the human ventricular myocardium. To further examine whether this Na ϩ -dependent but CO 2 /HCO 3 Ϫ -independent acid-extrusion mechanism is the NHE, we added HOE 694 (30 M), a specific NHE inhibitor, to the superfusate. This completely blocked the pH i recovery from the induced intracellular acidosis, as shown in the right part of Fig. 2a . The histogram in Fig. 2b showed the pH i recovery slope after acid loading for 6 experiments in the human ventricular myocardium, similar to that shown in Fig. 2a . The significant difference between the first column (before the addition of HOE 694) and the second column (with HOE 694) indicated that the Na ϩ -dependent and the HOE 694-dependent acid-extrusion mechanism involved in the pH i recovery in the human ventricular myocardium is most likely the NHE-1.
The pharmacological evidence for the functional existence of an HCO 3

؊ -dependent acidextrusion mechanism
As shown in the middle part of the trace in Fig. 3a , HOE 694 (30 M) entirely blocked the pH i recovery from an intracellular acidosis, mediated mainly by NHE (see Figs. 1 and 2 for more details), in HEPESbuffered (CO 2 /HCO 3 Ϫ -free) media. On the contrary, the final part of Fig. 3a showed that HOE 694 slowed, instead of entirely blocking, pH i recovery when the superfusate changed from HEPES to a 5% CO 2 / HCO 3 Ϫ -Tyrode solution. The rates of pH i recovery after acid loading for 6 experiments in the human ventricular myocardium, similar to that shown in Fig. 3a, were pooled in the histogram in Fig. 3b . The significant difference between the second column (with HOE 694 in HEPES solution) and the third column (with HOE 694 in 5% CO 2 /HCO 3 Ϫ solution) demonstrated that there is another HCO 3 Ϫ -dependent acidextrusion mechanism apart from NHE involved in the pH i recovery under the condition of 5% CO 2 /HCO 3 Ϫ -Tyrode solution.
To test if the HCO 3 Ϫ -dependent mechanism is also Na ϩ -dependent, Na ϩ was removed from the solution in subsequent experiments. As shown in the right part of Fig. 4a , the removal of Na ϩ from 5% CO 2 /HCO 3 Ϫ -Tyrode solution could completely block pH i recovery following NH 4 Cl-induced acidosis. The histogram in Fig. 4b showed that the pH i recovery rate estimated at pH i 6.89Ϯ0.05, averaged for 4 experiments, was similar to that shown in Fig. 4a . The present data suggested that this HCO 3 Ϫ -dependent acid-extrusion mechanism is also Na . 3 ). The histogram in Fig. 5b showed a pH i recovery rate estimated at pH i 6.92Ϯ 0.09, averaged for 6 experiments, similar to that shown in Fig. 5a . In other words, our present data demonstrated, for the first time, that this Na ϩ -and HCO 3 Ϫ -dependent acid-extrusion mechanism is most possibly the NHS, though possibilities still exist that an Na
Ϫ exchange may work and a waits further experiment for clarification. Moreover, we provided functional evidence that both of the two acid extruders, NHE and, most likely, NHS, play an important role in pH i regulation in the human ventricular myocardium.
DISCUSSION
Functional existence of NHE and NHS in human ventricular myocytes. In the present study, we have provided direct and convincing pharmacological evidence, for the first time, that two different acid extruders, NHE and NHS, functionally activate following induced intracellular acidosis in human ventricular myocytes. The one whose activity was HCO 3 ϩ -independent and Na ϩ -dependent (Fig. 1b,  c) was defined as NHE [11, 13] because it could also be entirely blocked by an addition of HOE 694 (Fig.  2) , a highly specific NHE 1 inhibitor [11] . Among the five different isoforms of NHE, the NHE 1 isoform has been identified by molecular biology methods to exist in the heart [14-16]. Also, we have previously provided pharmacological evidence for the dominant functional expression of NHE 1 during pH i -regulation in guinea pig ventricular myocytes [11] . Our present study furthermore demonstrated that NHE in the human ventricular myocardium is also highly sensitive and has a low concentration of HOE 694 (30 M) (Fig. 2) . This suggested that the functional expression of native NHE isoform during acid extrusion in the human ventricular myocardium is most likely NHE 1, instead of other isoforms. Our present data have confirmed the findings again that cardiac NHE is activated by external Na ϩ and internal H ϩ ions, resulting in H ϩ efflux and Na ϩ influx (Fig. 1b, c) . However, kinetic data such as the stoichiometry for 1 Na ϩ : 1 H ϩ and the underlying modulation mechanism in the human myocardium await further investigation. We defined another extruder whose activity was HCO 3 Ϫ -and Na ϩ -dependent (Figs. 3, 4) as NHS [12, 25] . This could be supported by another result (Fig. 5 ) in our present study, which was that it was sensitive to DIDS, an NHS inhibitor, but insensitive to HOE 694. The coupling ratio of NHS has been suggested to be 1 : 1 for Na ϩ : HCO 3 Ϫ by Vaughan-Jones's group [12] in guinea pig ventricular cardiomyocytes. On the contrary, a voltage-sensitive electrogenic cardiac NHS with a coupling ratio of 1 : 2 has been recently proposed by Cingolani's group [26] in the cardiac papillary muscle of the cat. To know the exact stoichiometry between HCO 3 Ϫ and Na ϩ (coupling ratio) of this carrier in the human ventricular myocardium, further investigations using different techniques, such as the whole-cell patch-clamp technique, to directly monitor the transmembrane voltage and ion current are required. Nevertheless, our present study demonstrated that there is Na ϩ -and HCO 3 Ϫ -dependent symporter responsible for acid extrusion in the human ventricular myocardium.
NHE and reperfusion-induced arrhythmia. Over the past few years, much evidence has been presented to implicate the overactivating NHE in intracellular pH restoration from acidosis during postischaemic reperfusion of the animal heart. This has been held to be partially responsible for this paradoxical injury [27] . Since NHE promotes a rapid recovery from acidosis upon reperfusion [9, 28, 29] , it may cause a deleterious Na ϩ influx [20, 27] . The resulting increase in intracellular Na ϩ may then trigger a calcium influx via the Na ϩ -Ca 2ϩ exchange, leading to calcium overload and cellular arrhythmia. According to findings in the human ventricular myocardium, we confirmed that the alteration of NHE activity may involve an important approach for preventing some acute pathological cardiac illnesses, such as preventing arrhythmic injury following reperfusion procedures in the clinic. In fact, the inhibitors of NHE, such as amiloride, amiloride analogues, and HOE 694, have recently been found remarkably effective at suppressing postischaemic reperfusion arrhythmias and cellular reperfusion damage in different animal species, including both models of in vitro and in vivo [26, [30] [31] [32] .
A potential role of specific inhibitor of NHS in function of the heart. Using the technique of microspectrofluorimetry, we have found that the contribution of NHS was nearly equal to that of NHE. Therefore it is possible that the activation or inhibition of NHS can, through a change of pH i , secondarily modulate basic human cardiac functions, such as rhythm and contractility. Until now the most commonly used inhibitors of NHS have been the disulfonic stilbene derivatives such as DIDS, but these drugs are far from specific. Therefore the development of specific inhibitors for NHS may provide not only a useful approach in dissecting cellular mechanisms of pH i -regulation, but also a potential agent for clinic illnesses such as arrhythmia. 
